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Abstract 

> , 

QQ In this talk, we address the possibiUty of finding supersymmetry through 

, indirect searches in the K and B systems. We prove that, in the absence 

^S) ' of the Cabibbo-Kobayashi-Maskawa phase, a general Minimal Supersym- 

metric Standard Model with all possible phases in the soft-breaking terms, 
. but no new flavor structure beyond the usual Yukawa matrices, can never 

' give a sizeable contribution to £k, £' /s or hadronic i?" CP asymmetries. 

However, Minimal Supersymmetric models with additional flavor struc- 
■ tures in the soft-supersymmetry breaking terms can produce large devi- 

^ l' ations from the Standard Model predictions. Hence, observation of su- 

persymmetric contributions to CP asymmetries in B decays would be the 
first sign of the existence of new fiavor structures in the soft-terms and 



(-H ^ would hint at a non-flavor blind mechanism of supersymmetry breaking. 

^ : 1 Introduction 

' Beginning with its experimental discovery in _R'-nieson decays, about three 

decades ago, the origin of CP violation has been one of the most intriguing 
questions in particle phenomenology. Notably, the subsequent experiments in 
the search for electric dipole moments (EDM) of the neutron and electron have 
observed no sign of new CP-violating effects despite their considerably high 
precision. Hence, the neutral if-system remains, so far, the only experimental 
information on the presence of CP-violation in nature. 

In the near future, this situation will change. Not only the new B factories 
will start measuring CP violation effects in _B" CP asymmetries, but also the 
experimental sensitivity to the electric dipole moment of the neutron and the 
electron will be substantially improved. These new experiments will enlarge our 
knowledge of CP violation phenomena and, hopefully, will show the existence 
of new sources of CP violation from models beyond the Standard Model (SM). 



The Standard Model of electroweak interactions is known to be able to ac- 
commodate the experimentally observed CP-violation through a unique phase, 
ScKM, in the Cabibbo-Kobayashi-Maskawa mixing matrix (CKM). However, 
most of the extensions of the SM include new observable phases that may signif- 
icantly modify the pattern of CP violation. Supersymmetry is, without a doubt, 
one of the most popular extensions of the SM. Indeed, in the minimal super- 
symmetric extension of the SM (MSSM), there are additional phases which can 
cause deviations from the predictions of the SM. After all possible rephasings 
of the parameters and fields, there remain at least two new physical phases in 
the MSSM Lagrangian. These phases can be chosen to be the phases of the 
Higgsino Dirac mass parameter {ipf^ = Arg[/i]) and the trilinear sfermion cou- 
phng to the Higgs, {^Aq ~ Arg[Ao]) In fact, in the so-called Constrained 
Minimal Supersymmctric Standard Model (CMSSM), with strict universality at 
the Grand Unification scale, these are the only new phases present. 

It was soon realized, that for most of the MSSM parameter space, the ex- 
perimental bounds on the electric dipole moments of the electron and neutron 
constrained ipAo,iJ. to be at most 0(10"^). Consequently these new supersym- 
mctric phases have been taken to vanish exactly in most studies in the framework 
of the MSSM. 

However, in the last few years, the possibility of having non-zero SUSY 
phases has again attracted a great deal of attention. Several new mechanisms 
have been proposed to suppress supersymmctric contributions to EDMs below 
the experimental bounds while allowing SUSY phases 0(1). Methods of sup- 
pressing the EDMs consist of cancellation of various SUSY contributions among 
themselves , non universality of the soft breaking parameters at the unifica- 
tion scale PI and approximately degenerate heavy sfermions for the first two 
generations Q. In the presence of one of these mechanisms, large supersym- 
mctric phases are naturally expected and EDMs should be generally close to 
the experimental bounds. 

In this work we will study the effects of these phases in CP violation ob- 
servables as Ek, s! je and CP asymmetries. We will show that the presence 
of large susy phases is not enough to produce sizeable supersymmctric con- 
tributions to these observables. In fact, in the absence of the CKM phase, a 
general MSSM with all possible phases in the soft-breaking terms, but no new 
flavor structure beyond the usual Yukawa matrices, can never give a sizeable 
contribution to ek, £' /£ or hadronic B'^ CP asymmetries. However, as recently 
emphasized |§, |^ , as soon as one introduces some new flavor structure in the soft 
Susy-breaking sector, even if the CP violating phases are flavor independent, 
it is indeed possible to get sizeable CP contribution for large Susy phases and 
ScKM = 0- Then, we can rephrase our sentence above in a different way: A 
new result in hadronic CP asymmetries in the framework of supersymmetry 
would be a direct prove of the existence of a completely new flavor structure in 
the soft-breaking terms. This means that _B-factories will probe the flavor struc- 
ture of the supersymmetry soft-breaking terms even before the direct discovery 
of the supersymmctric partners [|j . 
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2 Soft— breaking flavor structure 



As announced in the introduction, the presence of new flavor structure in the 
soft-breaking terms is necessary to obtain sizeable contributions to flavor- 
changing CP observables (i.e. £k, s' js and hadronic CP asymmetries). 
To prove this we wiU consider any MSSM, i.e. with the minimal supersym- 
metric particle content, with general complex soft -breaking terms, but with a 
flavor structure strictly given by the two familiar Yukawa matrices or any matrix 
strictly proportional to them. In these conditions, the most general structure 
of the soft-breaking terms at the large scale, that we call Mqut, is, 



where all the allowed phases are explicitly written and one of them can be 
removed by an R-rotation. All other numbers or matrices in this equation are 



Experiments of CP violation in the K or B systems only involve supersym- 
metric particles as virtual particles in the loops. This means that the phases in 
the soft-breaking terms can only appear in these experiments through the mass 
matrices of the susy particles. Then, the key point in our discussion will be the 
role played by the susy phases and the soft-breaking terms flavor structure in 
the low-energy sparticle mass matrices. 

It is important to notice that, even in a model with flavor-universal soft- 
breaking terms at some high energy scale, as this is the case, some off-diagonality 
in the squark mass matrices appears at the electroweak scale. Working on the 
basis where the squarks are rotated parallel to the quarks, the so-called Super 
CKM basis (SCKM), the squark mass matrix is not flavor diagonal at Mw- 
This is due to the fact that at AIqut there are always two non-trivial flavor 
structures, namely the two Yukawa matrices for the up and down quarks, not 
simultaneously diagonalizable. This implies that through RGE evolution some 
flavor mixing leaks into the sfermion mass matrices. In a general Supersym- 
metric model, the presence of new flavor structures in the soft breaking terms 
would generate large flavor mixing in the sfermion mass matrices. However, 
in the CMSSM, the two Yukawa matrices are the only source of flavor change. 
Always in the SCKM basis, any off-diagonal entry in the sfermion mass matri- 
ces at Mw will be necessarily proportional to a product of Yukawa couplings. 
Then, a typical estimate for the element in the L-i down squark mass 




nig e"^^ TO^;^^ e*'^^ givi 

{Aoh = Ad e^'^^o {Yd)^j 
{Ash e'^^B {YE)^J. 



(1) 
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matrix at the electroweak scale would necessarily be (see for details), 

« ctuIY^^Y;,*, (2) 

with c a proportionality factor between 0.1 and 1. This rough estimate provides 
the order of magnitude of the different entries in the sfermion mass matrices. It 
is important to notice that if the phases of these elements were 0(1), due to some 
of the phases in equation (^, we would be able to give sizeable contributions, 
or even saturate, the different CP observables Then, it is clear that the 

relevant question for CP violation experiments is the presence of imaginary parts 
in these off-diagonal entries. 

As explained in ^ once we have solved the Yukawa RGEs, the RGE 
equations of all soft-breaking terms are a set of linear differential equations. 
Then, they can be solved as a linear function of the initial conditions. 



+ (3) 

where 0i refers to any scalar, gi to the different gauginos, Ai to any tri-linear 
coupling and the phases cpab = i^a ~ Vb)- In this equation, the different rj 
matrices are 3x3 matrices, strictly real and all the allowed phases have been 
explicitly written. Regarding the imaginary parts, due to the hermiticity of the 
sfermion mass matrices, any imaginary part will always be associated to the 
non-symmetric part of the r^g'^^'', •qq'^^'^ or tjq'^^^^ matrices. To estimate the 
size of these anti-symmetric parts, we can go to the RGE equations for the 
scalar mass matrices, where we use the same conventions and notation as in 
Taking advantage of the linearity of these equations we can directly 
write the evolution of the anti-symmetric parts, rUg = mg — (mg)'^ as, 

^\rn% {%Y}j + YuY},) 
+ % ml yI + Yu ml Y^ 

+ 2iQ{AuAIj + AdA^jj}), (4) 



where, due to the reality of Yukawa matrices, we have used Y^ — Y^ , and 
following a tilde over the couplings (F, A, ...) denotes a re-scaling by a 
factor l/(47r). In the evolution of the R-R squark mass matrices, mfj and m|,, 
only one of the two Yukawa matrices, the one with equal isospin to the squarks, 
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is directly involved. Then, it is easy to understand that these matrices are in a 
very good approximation diagonal in the SCKM basis once you start with the 
initial conditions given in equation (|l|). Hence, for the sake of clarity, we can 
safely neglect the last two terms in equation and forget about mfj and rhjj. 
However, if needed, we could always apply to estimate their anti-symmetric 
parts an analogous reasoning as the one we show below to TOq. 

From equation (|l|), the initial conditions for nig at AIqut are identically 
zero. This means that the only source for niQ in equation is necessarily 
Q{AuAl + AnA^^}. 

The next step is then to analyze the RGB for the tri-linear couplings, 

^ - Hit "3 + 3^2 + ^ci,)i, 

- asMs + 3 (52^2 + I aiMi^Yu 
- (2 AuY^Yu + 3 Tr{AuY^)Yu 
+ I YuY^Au + I Tr{YuY^)Au 

+ AdY^Yu + \ YdYIAu) (5) 

with an equivalent equation for A^. With the general initial conditions in 
equation (|l|), Ajj is complex at any scale. However, we are interested in the 
imaginary parts of AuA\j. At Mqut this combination is exactly real, but, due 
to different renormalization of different elements of the matrix, this is not true 
any more at a different scale. 

However, a careful analysis of equation is enough to convince ourselves 
that these imaginary parts are extremely small. Let us, for a moment, neglect 
the terms involving AijY^ or YjjY^ from the above equation. Then, the only 
flavor structure appearing in equation (^) at Mqut is Yij. We can always go 
to the basis where Yjj is diagonal and then we will have Ajj exactly diagonal 
at any scale. In particular this means that 3{^t/v4^} would always exactly 
vanish. A completely parallel reasoning can be applied to Ajj and 3{yl£)j4|j}. 
Hence, simply taking into account the flavor structure, our conclusion is that, 
necessarily, any non-vanishing element of + yl^yl^] and hence of 

must be proportional to {YdYoYuYu — H.C.). So, we can expect them to be. 



TO?, 



(to|),<, « K [YdYIYuYI - H.C. 
(m|)i3«ifcos-2^ ihhtX'') 

{ml)23-Kcos-^f3{hbhtX''), (6) 

where hi = mf/v^, with v = ^^wj + 1;| the vacuum expectation value of the 
Higgs, A = sin 0c and K is a proportionality constant that includes the effects 
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of the running from Mqut to Mw- To estimate this constant we have to 
keep in mind that the imaginary parts of AijAIj are generated through the 
RGE running and then these imaginary parts generate TOg as a second order 
effect. This means that roughly K ~ 0(10"^) times a combination of initial 
conditions as in equation (^). So, we estimate these matrix elements to be 
(cos"^/3{10-i2^g X 10-8,3 X 10-"^}) times initial conditions. This was exactly 
the result we found for the A-g terms in Q in the framework of the CMSSM. 
In fact, now it is clear that this is the same for all the terms in equation 
gi-Aj , gi-gj and Ai—Aj , irrespectively of the presence of an arbitrary number 
of new phases. 

As we have already said before, the situation in the R-R matrices is still 
worse because the RGE of these matrices involves only the corresponding Yu- 
kawa matrix and hence, in the SCKM, they are always diagonal and real in 
extremely good approximation. 

Hence, so far, we have shown that the L~L or R-R squark mass matrices 
are still essentially real. The only complex matrices, then, will still be the L-R 
matrices that include, from the very beginning, the phases ipAi and ip^,. Once 
more, the size of these entries is determined by the Yukawa elements with these 
two phases providing the complex structure. However, this situation is not 
new for these more general MSSM models and it was already present even in 
the CMSSM. We can conclude, then, that the structure of the sfermion mass 
matrices at Myy is not modified from the familiar structure already present in 
the CMSSM, irrespective of the presence of an arbitrary number of new susy 
phases. 

In the next section we analyze the different indirect and direct CP violation 
observables in this general MSSM without new flavor structure. 

3 CP observables 
3.1 Indirect CP violation 

In first place, we will consider indirect CP violation both in the K and B 
systems. In the SM neutral meson mixing arises at one loop through the well- 
known W-hox. However, in the MSSM, there are new contributions to AF = 2 
processes coming from boxes mediated by supersymmetric particles. These are: 
charged Higgs boxes {H^), chargino boxes (x^) and gluino-neutralino boxes {g, 
X°). A4-A4 mixing is correctly described by the AF — 2 effective Hamiltonian, 
H^ff^'^, which can be decomposed as. 



■AF=2 
■eff 




(7) 



With the relevant four-fermion operators given by 
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Q2 = dlql-dlq^j,, 

Q3 = dlq^R-dUl, (8) 

where q — s,b for the K and B-systems respectively and a, (3 as color indices. In 
the CMSSM, these are the only three operators present in the limit of vanishing 
rud- The Wilson coefBcicnts, Ci(^), C2(/i) and Cz{y)j receive contributions 
from the different supersymmetric boxes, 

Ci{Mw) = CY{Mw) + C^{Mw) (9) 

+ Cf''^"(Mw) + Cf(A%) 
C^iMw) - {Mw) + Cl{Mw) 

CsiMw) = Cl'''"{Mw) + C${Mw) 

Both, the usual SM ly-box and the charged Higgs box contribute to these 
operators. However, with 5c km — 0, these contributions do not contain any 
complex phase and hence cannot generate an imaginary part for these Wilson 
coefhcients. 

Gluino and neutralino contributions are specifically supersymmetric. They 
involve the superpartners of quarks and gauge bosons. Here, the source of flavor 
mixing is not directly the usual CKM matrix. It is the presence of off-diagonal 
elements in the sfermion mass matrices, as discussed in section |^. From the 
point of view of CP violation, we will always need a complex Wilson coefficient. 
In the SCKM basis all gluino vertices are flavor diagonal and real. This means 
that in the mass insertion (MI) approximation, we need a complex MI in one of 
the sfermion lines. Only L-L mass insertions enter at flrst order in the Wilson 
coefficient Ci'^'^ {My/)- From equation (H), the imaginary parts of these MI are 
at most 0(10^^) for the b-s transitions and smaller otherwise Q]. Comparing 
these values with the phenomenological bounds required to saturate the mea- 



sured values of these processes 13 we can easily see that in this model we are 
always several orders of magnitude below. 

In the case of the Wilson coefficients C2^{Mw) and Cz^{M\y): the MI are 
L-R. However these MI are always suppressed by light masses of right handed 
squark, or in the case of b-s transitions directly constrained by the b s"f 
decay. Hence, gluino boxes, in the absence of new flavor structures, can never 
give sizeable contributions to indirect CP violation processes . 

The chargino contributions to these Wilson coefficients were discussed in 
great detail in the CMSSM framework in reference 0. In this more general 
MSSM, as we have explained in section |^, we find very similar results due to 
the absence of new fiavor structure. 

Basically, in the chargino boxes, flavor mixing comes explicitly from the 
CKM mixing matrix, although off-diagonality in the sfermion mass matrix in- 
troduces a small additional source of flavor mixing. 
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Figure 1: Imaginary and Real parts of the Wilson coefficient Cf in B mixing. 

Vg'd VaqV-y'd^tq r<{a.k)i r<(a' .k)j* 

Gh\i)"G^nM Yi{zk,zi,s,,s,) (10) 

where VagG^"''"'^' represent the coupling of chargino and squark k to left-handed 
down quark q, Zk ~ AI^^/M^ and Si = M~.,/M^. The explicit expressions for 
these couplings and loop functions can be found in reference 0. G'^"''^-'' are 
in general complex, as both ip^ and ipAi are present in the different mixing 
matrices. 

The main part of in equation ( p^ will be given by pure CKM flavor 
mixing, neglecting the additional flavor mixing in the squark mass matrix [ p^ 
|l6|. This means, a — a' and 7 = 7'. In these conditions, using the symmetry 
of loop function Yi(a, 6, c, d) under the exchange of any two indices it is easy to 
prove that Ci would be exactly real ||ll|. This is not exactly true either in the 
CMSSM or in our more general MSSM, where there is additional flavor change 
in the sfermion mass matrices. Here, some imaginary parts appear in the Gf in 
equation (p^. In figure |l| we show in a scatter plot the size of imaginary and 
real parts of in the B system for a fixed value of tan/3 — 40. We see that 
this Wilson coefficient is always real up to a part in 10"^. In any case, this is out 
of reach for the foreseen B-factories. 

Finally, chargino boxes contribute also to the quirality changing Wilson co- 



o 

E 

S 1.5 



0.5 



-0.5 



-1.5 



8 



efficient C^{Mw), 



{V:aVtqf 2M^cos^/3 

^(Q,fe)i(^(a',fe)j*(^(7',;)i*^(7,0j 

Y2{zk,Zi,Si,S-j) (11) 

where mg/(-\/2Mvi/ cos/3) • Vaq ■ iJ^"'*^)* is the couphng of chargino and squark to 
the right-handed down quark q Q. Unhke the Wilson coefficient, due to the 
differences between H and G couplings, Cg is complex even in the absence of 
intergenerational mixing in the sfermion mass matrices |pl]| . Then, the presence 
of flavor violating entries in the up-squark mass matrix hardly modifies the 
results obtained in their absence |15[ |l^, 0. In fact, in spite the presence 
of the Yukawa coupling squared, mg/(2M^ cos^ /3), this contribution could be 
relevant in the large tan (3 regime. For instance, in B^-B^ mixing we have 
TO^/(2M^ cos^ (i) that for tan /3 > 25 is larger than 1 and so, it is not suppressed 
at all when compared with the Wilson Coefficient. This means that this 
contribution can be very important in the large tan/3 regime and could 
have observable effects in CP violation experiments in the new B~factories. 
However, we will show next, that when we include the constraints coming from 
6 — > S7 these chargino contributions are also reduced to an unobservable level. 

The chargino contributes to the 6 — > 57 decay through the Wilson coefficients 
C7 and Cg, corresponding to the photon and gluon dipole penguins respectively 
[ p^ p7| , 1^ . In the large tan (3 regime, we can approximate these Wilson coeffi- 
cients as 0, 

V2Mw cos f3 " ^ ' 



V2MH.COS/3 ^r{^u,s.) 



(12) 



Now, if we compare the chargino contributions to these Wilson coefficients 
and to the coefficient C3 , equations ( |lT|) and (|l^) , we can see that they are deeply 
related. In fact, in the approximation where the two different loop functions 
involved are of the same order, we have, 



CsiMw) « {Cr{Mw)r-l (13) 

JUT/!/ 
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Figure 2: Experimental constraints on the Wilson Coefficient Cr 



In figure |[ we show a scatter plot of the allowed values of ReiCj) versus 
Im{C7) in the CMSSM for a fixed value of tan/3 = 40 with the constraints 
from the decay B Xsj taken from the reference Notice that a relatively 
large value of tan/3, for example, tan/3 > 10, is needed to compensate the W 
and charged Higgs contributions and cover the whole allowed area with positive 
and negative values. However, the shape of the plot is clearly independent of 
tan /3, only the number of allowed points and its location in the allowed area 
depend on the value considered. Then, figure shows the allowed values for a 
re-scaled Wilson coefficient C3{Mw) = M'^ / rr?^C^{Mw) corresponding to the 
same allowed points of the susy parameter space in figure |[ As we anticipated 
previously, the allowed values for are close to the square of the values of C7 
in figure g slightly scaled by different values of the loop functions. 

We can immediately translate this result to a constraint on the size of the 
chargino contributions to em- 



GlM? 



w 



4tt^V2 am 



Fli Mm 



M 

Ml 



M — 



Vsif^) Bsifi) Im[C3 



(14) 



In this expression Mm, AMm and Fm denote the mass, mass difference and 
decay constant of the neutral meson A4^. The coefficient 773 (/i) = 2.93 M| 
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Figure 3: Allowed values for the re-scaled WC C3 



includes the RGE effects from Mw to the meson mass scale, /Lt, and B3{fi) is 
the B-parameter associated with the matrix element of the Q3 operator Q . 

For the K system, using the experimentally measured value of AM^ we 
obtain, 



= 1.7 X 10-2 Im[Q 



w 

« 0.4 X 10-^ ImiCs] (15) 

Given the allowed values of C3 in figure ^, this means that in the MSSM, even 
with large susy phases, chargino cannot produce a sizeable contribution to ex- 
The case of B^-B^ mixing has a particular interest due to the arrival of 
new data from the B-factories. In fact, in the large tan/3 regime chargino 
contributions to indirect CP violation can be very important. However, for any 
value of tan (5, we must satisfy the bounds from the 6 — )■ 57 decay. Then, if we 
apply these constraints to the B^-B° mixing, 

4 = 0.17 ^ Imm 

w 0.5 X 10-3 /m[C'3] (16) 

where once again, with the allowed values of figure |^ we get a very small con- 
tribution to CP violation in the mixing. We must take into account that the 
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mixing-induced CP phase, 0m, measurable in B° CP asymmetries, is related 
to e_B by 9m = arcsin{2-\/2 • eb}- The expected sensitivities on the CP phases 
at the B factories are around ±0.1 radians, so this supersymmetric chargino 
contribution will be absolutely out of reach. 

3.2 Direct CP violation 

To complete our analysis, we consider now direct CP violation. In this case, 
the different decay processes are described by a AF — 1 effective Hamiltonian. 
A complete operator basis for these transitions in a general MSSM involves 14 
different operators [^. The main difference with the case of indirect CP vio- 
lation is that these operators receive contributions both from box and penguin 
diagrams. Nevertheless the discussion of the presence of imaginary is completely 
analogous to the case of indirect CP violation. 

Once more, in the gluino case, L-L transitions are real to a very good 
approximation, and several orders of magnitude below the phenomenological 
bounds []l3| . On the other hand, L-R transitions are suppressed by quark 
masses or 6 — > 57 decay. This is always true for the squark mass matrices 
obtained in section |[ and valid both for boxes and penguins. 

Finally we are left with chargino contributions. The analysis of chargino 
boxes is exactly the same as in the previous section. In fact, even the Wilson 
coefficients are identical once we factor out the CKM elements. Then, for the 
penguins, L-L transitions are exactly real if we neglect inter-generational mix- 
ing in the squark mass matrices. Taking into account this small mixing we find, 
for the very same reasons as in the indirect CP violation case, that imaginary 
parts are far too small. The relation of the b ^ sj decay with the L-R chargino 
penguins is even more transparent than before. 

However, there is still one possibility to observe the effects of the new su- 
persymmetric phases in the absence of new flavor structure. We have seen that 
the reason for the smallness of the contributions of chargino L-R transitions is 
the experimental bound from the B — > Xs^ branching ratio. This bound makes 
the chirality changing transitions, although complex, too small to compete with 
L-L transitions. Hence, in these conditions, just the processes where only chi- 
rality changing operators contribute (EDMs or 6 — > 57), or observables where 
chirality flip operators are relevant (6 —> sl~^l~) can show the effects of new 
supersymmetric phases |l^, |^ . 

4 Conclusions 

To conclude we would like to summarize the possibilities of finding supersym- 
metric contributions in the different CP violation experiments. 

In the presence of large supersymmetric phases, the EDMs of the electron 
and the neutron must be very close to the experimental bounds and possibly 
reachable for the new generation of experiments. However, as we have shown 
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in this work, the presence of these phases is not enough to generate a size- 
able contribution to Ek, s.' je or CP asymmetries. In this flavor changing 
CP observables, the presence of a completely new flavor structure in the soft 
breaking terms is a necessary ingredient to obtain sizeable effects. Only the 
processes where just chirality changing operators contribute as 6 — > 37, or pro- 
cesses where these chirality flip operators are relevant, can show the effects of 
the new supersymmetric phases. 

Nevertheless, in the presence of new flavor structure in the soft Susy-breaking 
sector it is indeed possible to get sizeable CP contribution with large Susy pha- 
ses, even with JcKM = g. Then, a new result in hadronic CP asymmetries 
in the framework of supersymmetry would be a direct prove of the existence of a 
completely new flavor structure in the soft -breaking terms. And so, S-factories 
will probe the flavor structure of the supersymmetry soft-breaking terms even 
before the direct discovery. 
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